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 Quantiﬁcation of electricity use CO2 impacts via short-run emission factors is common.
 These short-run factors do not take account of structural change in a power system.
 Long-run marginal emission factors overcome this issue, and are deﬁned and analysed.
 A new power system model is constructed and applied to study this issue.
 Long-run marginal emissions factor found to reduce to nearly zero from 2035 onwards.a r t i c l e i n f o
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Estimates of the magnitude of CO2 emissions reduction brought about by an intervention in the energy
system are important because they signal which interventions are the most potent in terms of climate
change mitigation. Yet quantifying emissions changes is not trivial because interventions act on the mar-
gin of the energy system, rather than acting on all components of the whole energy system equally.
Therefore, in order to accurately attribute outcomes to interventions, the speciﬁc energy system changes
precipitated by the intervention should be estimated, along with the corresponding change in emissions.
This paper builds on previous research in this regard estimating short-run marginal emissions factors in
national electricity systems. It presents the concept of the long-run marginal emissions factor (LR-MEF),
and builds and applies a new electricity system model to study the problem. For the British electricity
system it is found that the average LR-MEF is approximately 0.26–0.53 kg CO2/kWh for the coming dec-
ade, but this reduces to approximately zero by 2035 and onwards as the system decarbonises. Further-
more, it is found that the LR-MEF can diverge very signiﬁcantly from the short-run. This highlights the
state of ﬂux of the British electricity system and the importance of taking structural changes in the elec-
tricity system into account when attributing emissions reduction to interventions.
 2014 The Author. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/3.0/).1. Introduction
Mitigation action remains a cornerstone of an effective response
to climate change [1,2]. In order to limit the severity of future
changes in climate, interventions will need to be focused and effec-
tive, achieving maximum reduction in greenhouse gas emissions
and avoiding ‘‘lock-in’’ to technologies or infrastructures that could
prevent realisation of long-term energy system decarbonisation
[3]. In order for mitigation action to be this effective, energy sys-
tem stakeholders need accurate and timely advice on the emis-
sions reduction likely to be achieved by interventions in the
energy system, over short and long timeframes. Such advice will
enable targeted interventions, along with more directed R&D, dem-onstration and commercialisation of the most promising low car-
bon energy technologies.
Estimation of the emissions reduction brought about by the
introduction of an energy technology into an energy system is
not straight forward. This is true especially when that technology
interacts with the electricity system. This is because the emissions
reduction achieved in the electricity system are a function of which
generators respond to a change in demand in the short-term, and
which generators are commissioned or decommissioned (and
how these are then operated) as a result of persistent changes in
demand in the long-term. All too frequently abatement studies
simply apply current system-average emissions factors to estimate
abatement potential, which implicitly assumes that all compo-
nents of the national electricity system respond proportionally to
a demand change; an assumption that clearly is not correct.
Furthermore, the use of system-average emissions factors also im-
plies that the structure of the energy system is not expected to
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questionable assumption.
This ﬁnal point above is the focus of the present article; what is
the impact of additional demand in the electricity system on its
structure and operation, and thus its long term contribution to
greenhouse gas emissions? The metric chosen to enable assess-
ment is the long-run marginal emissions factor (LR-MEF, deﬁned
below), which represents the long-term change in CO2 emissions
per unit change in demand, over the lifetime of a speciﬁc
intervention.
Interest in this topic is motivated by the fact that electricity sys-
tems worldwide are expected to decarbonise rapidly if climate
change mitigation targets are to be met [4–7]. Given such radical
change is conceivably imminent, what are the correct emissions
rates to use when assessing new technologies that interact with
the electricity system? The primary intention of this paper is to de-
velop a methodology to answer this question, with a secondary
intention to apply the methodology to the case of the British elec-
tricity system.
The article is structured as follows. Firstly, after basic terminol-
ogy is deﬁned, a review of the background literature relevant to the
research questions is presented, including an update on short-run
marginal emissions factors as presented in [8]. This is followed by
presentation of the methodology used to estimate the LR-MEF, and
then description of development of a simple conceptual model to
explore long-run marginal CO2 emissions theory and potential
ranges of outcomes. A new electricity system investment and oper-
ation model for the case of Britain is then presented, followed by
application of this model to investigate the long-run marginal
emissions factor associated with the electriﬁcation of heating in
Britain. Finally, results and sensitivities are discussed, leading to
a conclusion.Fig. 1. Short-run MEF observed in the British electricity system for 2009–2012
inclusive. The ﬁtted line represents a least squares linear regression of the data
points, forced to pass through the origin, with resulting equation y = 0.64 * x.2. Deﬁnitions
A range of terminology is used in the electricity emissions
intensity literature. Key terms and their deﬁnitions are as follows:
 Average Emissions Factor (AEF): The average CO2 emissions per
average unit of electricity delivered for an entire electricity
system.
 Operating Margin Emissions Factor (O-MEF): The change in CO2
emissions relating to a unit change in electricity demand, where
there is assumed to be no structural change in the electricity
system being analysed (i.e. no power station commissioning
or decommissioning, no fuel price changes, etc.).
 Short-Run Marginal Emissions Factor (SR-MEF): The change in
CO2 emissions relating to a unit change in electricity demand,
where there is usually little structural change in the electricity
system being analysed. SR-MEF is distinguished from O-MEF in
that SR-MEF allows for short-run structural changes in the elec-
tricity system, whilst O-MEF assumes a static system.
 Build Margin Emissions Factor (B-MEF): The average CO2 emis-
sions rate per unit of electricity produced for the next power
station expected to be built in an electricity system.
 Combined Marginal Emissions Factor (C-MEF): The change in CO2
emissions relating to a unit change in electricity demand, calcu-
lated by weighting the O-MEF and B-MEF to arrive at a ‘‘com-
bined’’ ﬁgure.
 Long-Run Marginal Emissions Factor (LR-MEF): The change in CO2
emissions relating to a unit change in electricity demand, where
structural change in the electricity system is explicitly taken
into account (i.e. demand-side interventions dynamically inter-
act with power stations commissioning and decommissioning,
and with system operation).3. Background
Estimating the change in CO2 emissions associated with a
change in an electricity system has been a topical issue for some
years, not least because the choice of methodology used to deter-
mine the emissions rate has signiﬁcant consequences for percep-
tions of which technology reduces emissions the most (e.g. [9]).
As discussed in [8], early attempts to estimate appropriate mar-
ginal emissions factors by Voorspools and D’Haeseleer [10,11], Bet-
tle et al. [12] and Marnay et al. [13] used load duration curves
combined with assumed, modelled or observed merit orders to
ascertain which generators were operating on the margin (i.e.
power stations that are likely to respond to system load changes)
at any given system load level. The method by which the merit or-
der was constructed in each of these studies varied, with most opt-
ing to use historical utilisation data (and assume dispatchable
generators with the highest utilisation are ﬁrst in the merit order)
or to model the merit order based on marginal cost of operation
(and assume the lowest cost marginal generators are lowest in
the dispatch order).
Hawkes [8] adopted a different approach using observed half-
hourly dispatch data [14] for large generators in the electricity sys-
tem in Great Britain (GB). In this study linear regression was ap-
plied to the half-hourly change in system emissions versus the
corresponding half-hourly change in system demand. This ap-
proach enabled ﬁne temporal disaggregation of results (e.g. mar-
ginal emissions factor by time of day) and demonstrated that
dispatch in the GB electricity system does not strictly adhere to
merit order principles. Updated results using this approach for
the GB electricity system over the period 2009–2012 is presented
in Fig. 1. As shown, the SR-MEF was 0.64 kg CO2/kWh; a slight de-
crease since the original assessment in 2010 [8] that considered to
2002–2009 period.
Since this contribution, there have been additional works rele-
vant to the present article: Siler-Evans et al. [15] applied the meth-
odology developed in [8] to assess the US electricity system and
extended analysis to further air emissions (SO2 and NOx). This
study concurred with [8] in that AEFs could signiﬁcantly misesti-
mate the emissions change associated with a change in the energy
system. The basic methodology developed in [8] was also used in
Zivin et al. [16] to obtain more spatially-resolved estimate of the
MEF in the US grids, and then apply this to assess emissions
associated with electric vehicles. Also along these lines Ruiz and
Rudkevich [17] develop a spatially-disaggregated model of mar-
ginal CO2 intensities, calculating CO2 intensity by node in a power
network and also investigating the CO2 implications of relaxation
Fig. 2. Generation capacity available in hypothetical electricity system. (A) Baseline
case (B) alternative case 2 where additional nuclear capacity is added to the system
in response to an increase in peak demand.
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statistical representation of emissions based on mean and variance
of daily load using historical data, and used this to study the effec-
tiveness of time-of-use tariffs in reducing emissions. Rogers et al.
[19] present an algorithm for calculating marginal emissions based
on locational marginal price of electricity, with errors typically less
than 25%. Finally, Foley et al. [20] produced a PLEXOS power sys-
tem model that was then applied to study the impact of additional
marginal demand related to the electriﬁcation of vehicles under
different charging scenario, ﬁnding that off-peak scenarios are
more beneﬁcial than peak charging.
Of particular interest to this article is the extent to which each
of these previous efforts incorporated structural change in the elec-
tricity system (i.e. the commissioning and decommissioning of
power stations and associated changes in system operation). The
majority use historical data to estimate the MEF ex post
[8,12,15,16,18], and therefore consider only the short-run MEF
(SR-MEF) as deﬁned above, where there is little change in the
underlying electricity system. Others simply model merit order
or dispatch of a static electricity system [13,17], thereby limiting
consideration to the operational MEF (O-MEF). Foley et al. [20]
used PLEXOS (i.e. a power systemmodelling environment) but only
considered a snapshot year with a ﬁxed generation portfolio of
operation as opposed to incorporating structural change in the
electricity system. Only a few authors attempt to incorporate
structural change in the electricity system in their analysis
[8,10,11]. Universally, they do this via the following steps;
(i) Altering the underlying mix of generators in the electricity
system to simulate commissioning and decommissioning
of power stations.
(ii) Making assumptions about the dispatch of the new and pre-
existing stations as a result of these changes (e.g. merit order
modelling, assumed dispatch identical to generation being
replaced, etc.).
(iii) Re-calculating the MEF.
The fundamental observation motivating this article is that this
approach only produces an estimate of how structural change in
the electricity system might inﬂuence the short-run MEF. It does
not consider the case where the intervention actually precipitates
the structural change (i.e. the long-run MEF; LR-MEF). This is impor-
tant because where the change in demand in assumed to bring
about structural change in the system, the corresponding change
in emissions should be attributed back to the intervention causing
that demand change. This article presents a methodology for
assessing this case and calculating the long-run MEF.
Before proceeding with a quantitative analysis, it is worth
reviewing two further contributions that have attempted to assess
the long-run MEF. These are the ‘‘tool to calculate the emission fac-
tor for an electricity system’’ to support Clean Development Mech-
anism (CDM) projects (UNFCCC [21]), and the Intergovernmental
Advisory Group approach in HM Treasury and DECC [22].
The CDM tool presents four alternative methodologies for esti-
mating the O-MEF and two for estimating the B-MEF, and then sug-
gests a weighting between O-MEF and B-MEF to arrive at the
combined MEF (C-MEF). The choice of weighting factors is driven
by the extent to which the intervention is assumed to interact with
system peak load, based on the observation that B-MEF will be
more important for interventions that actually require more or less
system capacity. Therefore, whilst this methodology does take into
account structural change in the electricity system, it does not
consider how the newly-built or avoided power station would
operate.
HM Treasury and DECC [22] is the only document reviewed that
speciﬁcally mentions the term ‘‘long-run MEFs.’’ It states that theLR-MEF ‘‘is intended to reﬂect the actual change in emissions that
would result from a small but sustained change in electricity con-
sumption.’’ It then uses a medium-term dispatch/investment mod-
el (the Dynamic Dispatch Model; DDM) to ‘‘to examine the impact
of a change in electricity consumption on capital build and gener-
ation’’ to 2030. Post 2030, the LR-MEF is assumed to undergo con-
stant annual percentage reduction to 2040 levels, and from 2040 to
2050 it is assumed to be the same as the AEF from UK-MARKAL
system decarbonisation scenarios (e.g. [7]). The supporting docu-
ment [22] does not make it clear exactly how LR-MEF is calculated
to 2030 via the DDM, and it is apparent that assumptions have
been made post 2030 that may or may not be based on the princi-
ples of commercial power system investment/operation.
The present article documents a new methodology for estimat-
ing LR-MEFs that takes account of structural and operational ef-
fects in the electricity system. The following section develops a
simple conceptual model of the situation, leading to development
of a dedicated model of the GB power system to estimate the LR-
MEF.
4. Methodology for estimating the LR-MEF
This section presents the methodology used in this article to
estimate the LR-MEF. Further details of methodology, related to
underlying models of the power system used in this article, are
presented in Sections 5 and 6.
As described in Section 2, the LR-MEF is the change in CO2 emis-
sions from an electricity system precipitated by a structural change
in that system (i.e. commissioning and decommissioning of power
stations) and the operation of the system before/after that change.
As such, LR-MEF is deﬁned as the change in CO2 emissions over the
entire time horizon divided by the change in demand over the en-
tire time horizon. Mathematically, it is deﬁned as per Eq. (1).
Table 1
Results from the simple model – capacity utilisation, total CO2 emissions, total demand and LR-MEF.
Coal capacity
utilisation in 2020 (%)
Gas capacity
utilisation in 2020 (%)
Nuclear capacity
utilisation in 2020 (%)
Total CO2 emissions
2010–2020 (Mt CO2)
Total demand served
2010–2020 (MW h)
LR-MEF of scenario w.r.t. the
baseline (kg CO2/kWh)
Baseline 68 49 75 101 188 –
Scenario 1 67 48 75 113 201 0.89
Scenario 2 65 46 75 96 201 0.39
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t¼1Escenario 
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t¼1EbaselineÞ
ðPnt¼1Dscenario 
Pn
t¼1DbaselineÞ
ð1Þ
Variables in Eq. (1) are deﬁned as follows; Escenario is the aggre-
gate CO2 emissions from the start of the time horizon (t = 1) to the
end of the time horizon (t = n) for the scenario where a demand-
side intervention occurs that alters demand. Ebaseline is identical
to Escenario except it applies to the baseline case where no de-
mand-side intervention occurs. Dscenario is the aggregate electricity
demand from the start of the time horizon (t = 1) to the end of the
time horizon (t = n) for the scenario where a demand-side inter-
vention occurs that alters demand. Dbaseline is identical to Dscenario
except it applies to the baseline case where no demand-side inter-
vention occurs. LR-MEF is the long-run marginal emissions factor,
measured in kg CO2/kWh.1 ‘‘Utilisation’’ refers to the percentage of maximum possible annual output that is
achieved for each type of generation. For example, wind power would be expected to
have lower utilisation that a conventional CCGT station because the wind does not
blow all the time. Likewise, CCGT never achieves 100% utilisation due to outages for
maintenance, unplanned outages, and because it may not be economical to generate
during certain periods.5. A simple conceptual model for the LR-MEF
A simple conceptual model of the LR-MEF is now presented. It
is based on a purely hypothetical electricity system, within which
it represents basic commissioning/decommissioning and opera-
tional decisions over a ten-year time horizon. This serves to dem-
onstrate the LR-MEF concept, and the range of potential CO2
impacts of adding peak electricity demand where new investment
is required to reliably serve that demand. It is important to note
that this section presents a conceptual model only, describing the
LR-MEF concept, and is not intended to represent a real electricity
system. LR-MEF for a real electricity system is presented in
Section 6.
The simple model contrasts two hypothetical and extreme sce-
narios (i.e. it is not designed to realistically reﬂect expectations for
investment in the GB electricity system, which is presented sepa-
rately in Section 6) of power system investment, where that invest-
ment is required to serve additional peak demand added at the end
of 2015 (model horizon is 2010–2020). In the hypothetical system
modelled, only two possible choices exist for a new capacity
investment; (1) a new unabated coal-ﬁred power station, or (2) a
new nuclear power station. The scenarios (and baseline) examined
are deﬁned as follows:
1. Baseline: Electricity demand is assumed to be constant over the
whole time horizon (2010–2020). A 1GW coal-ﬁred power sta-
tion is decommissioned at the end of 2015, and is replaced with
a 1GW nuclear power station (see Fig. 2, case A).
2. Scenario 1: Approximately 2.6T W h/year of additional demand
is added to the baseline demand, starting in 2016. Capacity
investment is identical to the baseline case (i.e. 1 GW nuclear
station commissioned at the end of 2015) except in that an
additional 0.5 GW coal-ﬁred station is also commissioned from
2016 to serve the additional demand.
3. Scenario 2: Approximately 2.6 TW h/year of additional demand
is added to the baseline demand, starting in 2016. Capacity
investment is identical to the baseline case except in that an
additional 0.5 GW nuclear station is also commissioned from
2016 to serve the additional demand (see Fig. 2, case B).The LR-MEF is then calculated by dividing the change in CO2
emissions over the entire time horizon (e.g. aggregate CO2 emis-
sions in Scenario 1 subtract aggregate CO2 emissions in Baseline)
by the change in demand over the entire time horizon. The result-
ing metric represents the additional kg CO2 incurred per additional
kWh of marginal demand added to the electricity system, and is
the deﬁnition of the LR-MEF. The differences in aggregate CO2
emissions between the scenarios derive from; (a) the different
emissions rate for the new generator added in each case, and (b)
the change in utilisation1 for each type of generation capacity.
Results are presented in Table 1, showing the range of LR-MEF
as 0.39 to 0.89 kg CO2/kWh. The result for Scenario 2 is striking
in that it is theoretically possible that the LR-MEF is negative. This
corresponds to the case where the addition of peak demand leads
to commissioning of a new low carbon power station (nuclear, in
this hypothetical case) that has relatively high utilisation. This
new power station provides baseload generation that displaces
output from other power stations (i.e. reduces utilisation of exist-
ing higher carbon generation). This has the net effect of reducing
total system emissions, even though total system demand has in-
creased, leading to a negative marginal emissions factor.
Whilst this simple model serves to demonstrate the long-run
marginal emissions factor concept, and provides examples of the
range of LR-MEF that may be observed, it does not allow applica-
tion to real electricity systems where a large array of factors inﬂu-
ence investment and operational decisions. For example, it does
not deal with the case of commissioning of intermittent renewable
electricity generation (although the concept presented still applies;
if that intermittent generator is commissioned in response in a
change in demand then it is possible to attribute related CO2 reduc-
tions from the renewable generator back to the demand change.
However, the reader should note that the ability of an intermittent
generator to provide ﬁrm capacity is questionable, and therefore
such generators are less likely to be commissioned with the aim
of reliably serving peak demand). To approximate the response of
real electricity systems a dedicated power system model is re-
quired. The following section presents a new model designed for
this purpose, including all forms of generation, which is then ap-
plied in the subsequent section to assess the LR-MEF in the British
electricity system.6. A New electricity system model to estimate LR-MEF; GB
Power
In order to examine the range of possible structural changes in
the electricity system in response to a change in demand, a new
model is developed. This model is developed in the TIMES model-
ling environment; an internationally-recognised energy systems
modelling framework [23], used by many countries and by the
Table 2
Basic structure and data sources for electricity system TIMES model GB Power.
Description
Basic model parameters Scope: Electricity system of Great Britain. Single region model
Time horizon: 2010–2100, 5-year time steps. The model is intended to investigate energy system change to 2050. The extension of
time horizon to 2100 is to ensure the solution in 2050 is sustainable (i.e. all model parameters are constant 2050–2100)
Time-slicing: 15 time slices in each year, designed to represent 3 periods (winter, summer, peak) with 5 slices within each period. Peak
period represented by 5-day cold spell with no wind (an important design scenario in future electricity systems)
Global discount rate: 3.5% Social discount rate used in UK government analysis [24]
Currency: GB pounds (2010 basis)
Demand Annual demand level: DECC Updated Energy Projections (UEP) for electricity demand to 2030 [25], linear projection to 2050, constant
thereafter
Demand allocation into time slices: Based on observed GB power system load duration curve, by time slice season and for the peak day,
from Elexon [26]
Demand elasticity: None
Fuel prices and emissions Fuel price: Drawn from a June 2013 update to the UK MARKAL model. Documentation available [27]
Emissions per unit fuel consumption: As per DUKES 2012 [28]
Existing stock of technology
2010–2012
2010 capacity and retirement proﬁle: existing capacity from 2012 edition of the Digest of UK Energy Statistics (DUKES) [28], retirement
proﬁle from National Grid 10-year Statement [29] supporting data via use of commissioning dates and assumed lifetime of existing
plant
2010 activity: DUKES 2012 [28] for aggregate data, and further calculations based on ﬁnal physical notiﬁcation dispatch data from
Elexon [26]
Energy system developments 2010–2012: Known capacity additions constrained to be adopted in model runs
Electricity system capacity reserve margin: 27% (calibrated to result in correct base year capacity)
T&D efﬁciency: 93%
New technology Technology characteristics: technical performance and cost data drawn from June 2013 update of UK MARKAL, adjusted to 2010
currency basis
Additional technology: fuel cells and fuel cells with CCS added based on IEA-ETSAP E-Tech-DS Brief 13 [30]
T&D efﬁciency: 95% for new investment, constrained to 6GW peak capacity addition per 5-year period (i.e. slow progression to a more
efﬁcient grid)
Financial incentives Feed-in tariffs: Existing tariffs assumed to exist until 2030, then removed entirely
Carbon Price Floor (CPF) and IAG appraisal value: CPF as published to 2030. Post 2030 assumed government implements programmes
that are a proxy for the published IAG appraisal value (traded sector, central scenario) [31]
Market constraints Fuel-type shares: No fuel type (e.g. gas, coal, nuclear) can achieve greater than 70% of all generation
Growth rates: All classes of technology constrained to an annual growth rates of 10%
Capacity: Capacity limits for technology classes as follows–Nuclear (658 GW), CCS-enabled generation (65 GW), Bioenergy (12 GW),
from UK MARKAL. Documentation available [27]
Investment limits: Per 5-year period limits applied for marine, CCS, nuclear, and gas generation as per UK MARKAL [27]. Unabated new
coal-ﬁred generation constrained to zero
Resource constraints All wind and solar output constrained to zero in peak demand period
Fossil fuel availability and supply curve as per UK MARKAL. Documentation available [27]
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optimisation model that minimises the cost of meeting energy
demand2 via choosing between a range of possible technologies over
a given time horizon. Demand projections and proﬁles, stock of tech-
nology and its age in the existing system, new technology perfor-
mance and cost characteristics, and all fuel costs are input to the
model. Furthermore, ﬁnancial incentives and emissions targets can
be explicitly entered to assess system response. The basic structure
and sources of input data for the new model – called GBPower –
are summarised in Table 2.
The newmodel is applied to estimate LR-MEF for two scenarios;
(1) where a carbon tax is imposed on the power sector as outlined
in Table 2, and (2) where no carbon tax is imposed, but instead
electricity system CO2 emissions are constrained to reduce to zero
linearly between 2010 and 2050. These two scenarios are not cho-
sen to enable a comparison between government approaches to
system decarbonisation, but rather to consider sensitivity of LR-
MEF.
The LR-MEF is estimated for these two scenarios across eight
tranches of additional marginal demand. See Fig. 3 for a graphical
representation of demand modelled. The additional marginal de-
mand is designed to emulate the electriﬁcation of heating in Brit-2 The standard version of TIMES minimises energy system cost. The reader should
note that a number of variants of TIMES are available, including those that maximise a
measure of social welfare, etc.ain (via installation of heat pumps) from 2015 to 2050; having
daily and annual demand proﬁle based on after-diversity demand
observed in the Energy Saving Trust heat pump ﬁeld trial data
[32]. The modelling was undertaken via the following steps:
1. A baseline run is produced where electricity demand is as per
the DECC updated energy projections to 2030 [25], linearly pro-
jected to 2050, and constant thereafter.Fig. 3. Input data for demand including baseline demand and all eight tranches of
additional marginal demand.
Table 3
Results from GBPower – capacity by technology type for the baseline and alternative scenarios. Bold values indicate the major changes in the alternative scenario relative to the
baseline scenario.
Scenario name Technology Capacity (GW)
2010 2015 2020 2025 2030 2035 2040 2045 2050
Baseline Bioenergy w/CCS 0 1 1 1 3
Bioenergy 2 2 2 2 2 0
Gas CCGT w/CCS 1 3 6 10 18 18 17 22
Gas CCGT 32 35 35 41 37 27 26 19 12
Coal 35 27 16 8 4 2 2
NF Hydro 2 3 3 3 4 4 4 4 4
Interconnectors 4 5 5 5 5 5 5 4 4
Nuclear 11 10 12 15 23 31 38 47 51
Gas OCGT 4 3 4 4 4 2 2 2 1
Other 1 1 1 1 1
Solar PV 0 1 1 1 1 1 1
Pumped Storage 3 3 3 3 3 3 3 3 3
Tidal 6 9 9 9 9
Wave 1
Wind Offshore 1 8 8 8 8 7
Wind Onshore 4 6 8 9 10 9 8 5 5
Heat Pump (additional 2 million
heat pumps added in 2015)
Bioenergy w/CCS 1 1 1 3
Bioenergy 2 2 2 2 2 0
Gas CCGT w/CCS 1 3 6 10 17 17 16 21
Gas CCGT 32 35 42 47 37 28 27 19 12
Coal 35 27 16 8 4 2 2
NF Hydro 2 3 3 4 4 4 4 4 4
Interconnectors 4 5 5 5 5 5 5 5 5
Nuclear 11 10 12 15 23 31 38 48 51
Gas OCGT 4 4 4 4 4 2 2 1 1
Other 1 1 1 1 1
Solar PV 0 1 1 1 1 1 1
Pumped Storage 3 3 3 3 3 3 3 3 3
Tidal 1 4 9 9 9 9
Wave 0 0 1
Wind Offshore 1 8 8 8 8 7
Wind Onshore 4 6 8 8 9 9 7 5 5
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run again to produce an ‘‘alternative run.’’ The demand added
is structured to correspond to the introduction of approxi-
mately 2,000,000 heat pumps in 2015. This additional demand
persists for the lifetime of the heat pumps, assumed to be
15 years.
3. The LR-MEF is calculated by dividing the change in total CO2
emissions over the entire model horizon (alternative run minus
baseline run) by the total change in demand served over the
entire model horizon as per Eq. (1). Details of the response of
the model in this single-point case are described in Section 7.1.
4. Steps 2–3 are repeated for each 5-year period (i.e. instead of
adding the heat pumps in 2015, they are installed in 2020,
2025, 2030, etc. in successive runs). This results in a LR-MEF
for each 5-year period to 2050. The ﬁnal result of this step is
an estimate of LR-MEF for ‘‘tranche 1’’ of additional marginal
demand in 5-year steps from 2015 to 2050.
5. A new baseline run is produced assuming the 2,000,000 heat
pumps added in tranche 1 persist all the way from 2015 to
2100 (i.e. they are continuously replaced at the end of their
lifetimes).3
6. An alternative model run is produced which adds additional
marginal demand to the new baseline, corresponding to the
addition of 2,000,000 heat pumps (with the initial year being
2020 in the ﬁrst iteration).
7. Similarly to steps 3–4, the LR-MEF is calculated for each 5-year
period for tranche 2 of additional demand3 The new baseline in step 5 ensures we are always only considering marginal
changes to demand, rather than considering signiﬁcantly non-marginal energy
system change had we retained the original baseline.8. The process described in steps 5–7 is repeated until 8 complete
tranches of demand have been added. This results in an esti-
mate of LR-MEF from 2015 to 2050 in tranche 1, 2020–2050
in tranche 2, 2025–2050 in tranche 3, etc., and ultimately a sin-
gle point estimate of LR-MEF for tranche 8 of marginal demand
added in 2050 only. All eight tranches of demand are presented
in Fig. 3.
7. Results and discussion
Results and discussion is divided into two sections. The ﬁrst
section describes power system changes for a single-point case of
the LR-MEF; that of 2 million heat pumps added to the system in
2015. The second sub-section describes results across the whole
time horizon to 2050 for the CO2 tax case and the CO2 constraint
case.
7.1. Single-point LR-MEF for 2015
In order to present the detail of a case of power system change
leading to a speciﬁc LR-MEF value, results related to a single-point
estimate are now examined. The case presented is that of 2 million
heat pumps added to the system in 2015 (i.e. additional to baseline
demand as per Fig. 3), under the presence of a CO2 tax. Table 3
shows the response of the model in terms of capacity addition to
serve the additional heat pump demand, and Table 4 shows the
change in electricity output from the system as a result of those
changes.
There are two important observations from inspection of Table 3
and Table 4. Firstly, in 2015 the model adds little additional capac-
ity to the electricity system to serve the additional demand created
Table 4
Results from GB Power – electricity output by technology type for the baseline and alternative scenarios. Bold values indicate the major changes in the alternative scenario
relative to the baseline scenario.
Scenario name Technology Electricity output (PJ/year)
2010 2015 2020 2025 2030 2035 2040 2045 2050
Baseline Bioenergy w/CCS 2 19 20 28 18
Bioenergy 27 25 25 25 25
Gas CCGT w/CCS 13 60 87 99 144 117 113 143
Gas CCGT 568 493 492 548 452 292 255 144 74
Coal 387 274 124 52 19 7 6
NF Hydro 13 31 31 31 45 41 45 45 45
Interconnectors 10 20 20 20 40 50 95 50 52
Nuclear 203 174 258 331 513 685 833 1044 1131
Gas OCGT 53 33 34 37 40 9 9 9 3
Other 17 13 10 7 4
Solar PV 0 3 3 3 3 3 2
Pumped Storage 11 9 9 9 9 9 9 9 9
Tidal 58 93 93 93 93
Wave 7
Wind Offshore 11 90 90 89 88 88
Wind Onshore 26 46 64 71 78 75 67 54 53
Heat Pump (additional 2 million
heat pumps added in 2015)
Bioenergy w/CCS 19 20 28 18
Bioenergy 27 25 25 25 25
Gas CCGT w/CCS 13 53 85 99 143 115 111 140
Gas CCGT 568 506 566 607 456 295 258 147 77
Coal 387 274 124 52 19 7 6
NF Hydro 13 31 31 43 45 45 45 45 45
Interconnectors 10 20 20 22 59 54 95 38 50
Nuclear 203 222 258 331 513 685 837 1064 1134
Gas OCGT 53 34 34 37 40 9 9 5 3
Other 17 13 10 6 4
Solar PV 0 3 3 3 3 3 2
Pumped Storage 11 9 9 9 9 9 9 9 9
Tidal 5 48 89 93 93 93
Wave 1 1 12
Wind Offshore 11 90 90 89 88 88
Wind Onshore 26 46 60 59 71 72 65 52 51
A.D. Hawkes / Applied Energy 125 (2014) 197–205 203by the heat pumps. Instead of adding capacity, the model serves
the additional demand by utilising nuclear capacity more intensely
relative to the baseline. Little new capacity is required in 2015 be-
cause peak demand declines between 2010 and 2015 (see Fig. 3)
and plant existing in 2010 is sufﬁcient to maintain supply, even
after the addition of demand caused by the heat pumps.
Secondly, in 2020 additional new capacity is required in the
heat pump scenario; approximately 7GW of additional gas CCGT
capacity is commissioned. This additional gas capacity displaces
some wind capacity that would otherwise have been built (i.e.
was commissioned in the base scenario, but not in the heat pump
scenario). This is an important observation; ﬁrm gas CCGT capacity
displaces the intermittent wind capacity because the heat pumpFig. 4. Long run MEF in the British electricity system is the case of a carbon dioxide
tax. The CO2 tax starts follows the published level of the Carbon Price Floor in the
UK to 2030, and then the CO2 cost used in government appraisal to 2050. It is
constant at 2050 levels from 2050 to 2100.peak load is coincident with the existing electricity peak demand
period. The electricity peak period represents a 5-day cold snap
with little wind, and as such ﬁrm gas CCGT capacity is required
to serve additional heating demand, and this displaces non-ﬁrm
capacity (i.e. wind capacity in this case).
The net effect of these changes is a relatively signiﬁcant in-
crease in aggregate CO2 emissions over the time horizon, for a rel-
atively small increase in demand associated with the additional
heat pumps. Increase in aggregate CO2 emissions over the entire
time horizon in the heat pump scenario is 12.48MtCO2. Increase
in demand over the entire time horizon is 172.8PJ (48 GW h).
Substituting into equation 1, the LR-MEF for the 2 million heat
pumps added in 2015 is calculated to be 0.26 kg CO2/kWh.Fig. 5. Long run MEF is the British electricity system in the case of an absolute
carbon dioxide constraint on the sector. The constraint is an upper bound on CO2
emissions starting at 2010 levels and proceeding linearly to zero by 2050. It remains
at zero from 2050 to 2100.
Table 5
Average LR-MEF values from the CO2 tax and CO2 constraint scenarios.
2015 2020 2025 2030 2035 2040 2045 2050
CO2 tax scenario (kg CO2/kWh) 0.26 0.53 0.26 0.13 0.01 0.05 0.05 0.06
CO2 constraint scenario (kg CO2/kWh) 0.37 0.31 0.20 0.13 0.04 0.02 0.00 0.00
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LR-MEF for addition of heat pumps at each point in the time
horizon, and for each tranche of additional marginal demand, is
now presented. Fig. 4 presents the estimate of LR-MEF for each
tranche of additional marginal demand in the scenario of a tax
on CO2, and Fig. 5 presents the estimate in the scenario of an upper
bound on CO2 emissions for the electricity system. The average LR-
MEF across all eight tranches of marginal demand is presented in
Table 5.
Results from the two sets of runs show a similar pattern; in the
initial years 2015–2025 the LR-MEF is relatively high, especially for
tranches 1 and 2. A transition then occurs over the period 2025–
2040, and from 2040 onwards the LR-MEF is low and stable just
above zero in the CO2 tax scenario and approximately zero in the
CO2 constraint scenario. Furthermore, the case of a tax on CO2 leads
to a generally higher LR-MEF than the case of a constraint on CO2.
This is because; (a) the CO2 tax is relatively low in the initial time
periods resulting in the commissioning of higher CO2 power sta-
tions in response to the additional demand in these periods, and
(b) once the upper bound on CO2 emissions has been reached in
the constraint case, any further addition of demand cannot trigger
further emissions because emissions are already at their maximum
level (i.e. by deﬁnition LR-MEF is approximately zero).
With regard to comparison of the ex post SR-MEF (see Fig. 1)
with the ex-ante LR-MEF, it is intuitive that in a decarbonising elec-
tricity system the LR-MEF would generally be lower than the SR-
MEF. This outcome is clear in the results. Only in the case of tran-
che 1 in the 2020 period, in the CO2 tax scenario, the LR-MEF ap-
proaches the updated SR-MEF value of 0.64 kg CO2/kWh. In this
case the LR-MEF result is driven by the commissioning of new una-
bated gas-ﬁred power stations in response to the increase in elec-
tricity demand (and furthermore, these gas stations displace
investment in intermittent renewables as discussed in the section
above, leading to a LR-MEF greater than the AEF of the gas stations
alone). Later in the time horizon few unabated gas stations are
commissioned due to the high CO2 tax, resulting in lower LR-MEF.
There is a case to be made for using a blended MEF, incorporat-
ing the SR-MEF and the LR-MEF. When an intervention initially en-
ters a system, or when it has little impact on the structure and
operation of the electricity system, the SR-MEF is a more appropri-
ate measure of its CO2 impact. However, over the longer term, or
when the intervention has strong interaction with electricity sys-
tem structure, the LR-MEF is more appropriate. Therefore, the SR-
MEF could be applied over the initial years of the lifetime of an
intervention, followed by application of the LR-MEF for its remain-
ing lifetime. Beyond noting the possibility, further investigation of
this proposition is out of the scope of this article.8. Conclusion
This article has developed and applied a new methodology to
quantify the CO2 emissions responsibility for interventions in na-
tional electricity systems. It deﬁnes the metric for assessing this
as the long-run marginal emissions factor (LR-MEF); a measure
of long-term change in CO2 emissions from an electricity system
in response to a sustained small change in electricity demand.The fundamental premise underpinning the LR-MEF is that the
change in CO2 emissions brought about by an intervention should
be attributed back to that intervention. Therefore, where an inter-
vention increases peak demand in an electricity system, and this
increase in peak demand requires additional system capacity to
maintain system reliability, the emissions change associated with
that additional capacity should be attributed to the intervention.
This approach differs from those in the literature because it explic-
itly considers power station commissioning and decommissioning,
and the operation of the electricity system before/after these
events, when attributing emissions responsibility. Pre-existing
studies largely only consider the short-run implications of energy
system changes on emissions; a short-run marginal emissions
factor.
A new electricity system model was developed using the TIMES
modelling environment to support analysis of the LR-MEF. This
model was formulated to reﬂect key design parameters in electric-
ity systems, and builds optimised pathways of energy system
change over long time horizons. The new model was then applied
to quantify the LR-MEF in the British electricity system. The spe-
ciﬁc example investigated was the introduction of mass market
heat pumps. It was found that the LR-MEF is lower than the
short-run marginal emissions factor in the British system. Further-
more, in this decarbonising electricity system the LR-MEF is found
to be relatively high in early periods (up to approx. 0.5 kg CO2/kWh
in the 2020s), but reduces quickly to near-zero by 2035 and
onwards.
The methodology and results presented here have important
implications in terms of strategies for climate change mitigation.
Speciﬁcally, the use of the LR-MEF allows decision makers to target
speciﬁc technologies for investment and R&D based on a more dy-
namic view of their interaction with long-term energy systems. As
such, the LR-MEF enables more informed decision making regard-
ing the relative efﬁcacy of different abatement options.
Acknowledgement
The Energy Saving Trust is gratefully acknowledged with re-
spect to provision of 5-minute resolution data [32] on heat pump
electricity consumption across a number of sites.
References
[1] Pacala S, Socolow R. Stabilization wedges: solving the climate problem for the
next 50 years with current technologies. Science 2004;305(5686):968–72.
[2] IIASA. Global energy assessment – toward a sustainable future. Cambridge
University Press, Cambridge, UK and New York, NY, USA and the International
Institute for Applied Systems Analysis, Laxenburg, Austria; 2012.
[3] IEA. Energy Technology Perspectives 2012 – Pathways to a Clean Energy
System. Paris (France): International Energy Agency; 2012.
[4] European Commission. Energy Roadmap 2050. Brussels (Belgium): European
Commission; 2011.
[5] Skea, Ekins, Winskel (eds), Energy 2050 – making the transition to a secure
low-carbon energy system. London (UK): Earthscan; 2010.
[6] ECF. Roadmap 2050: A practical guide to a prosperous, low-carbon Europe.
European Climate Foundation: The Hague; 2010.
[7] Hawkes AD, Pathways to 2050 – key results: MARKAL model review and
scenarios for DECC’s 4th Carbon Budget Evidence Base. 2011, Report for
Department of Energy and Climate Change prepared by AEA Group: London
(UK).
[8] Hawkes AD. Estimating marginal CO2 emissions rates for national electricity
systems. Energy Policy 2010;38(10):5977–87.
A.D. Hawkes / Applied Energy 125 (2014) 197–205 205[9] Rees MT, Wu J, Jenkins N, Abeysekera M. Carbon constrained design of energy
infrastructure for new build schemes. Appl Energy 2014;113:1220–34.
[10] Voorspools KR, D’Haeseleer WD. The inﬂuence of the instantaneous fuel mix
for electricity generation on the corresponding emissions. Energy
2000;25(11):1119–38.
[11] Voorspools KR, D’Haeseleer WD. An evaluation method for calculating the
emission responsibility of speciﬁc electric applications. Energy Policy
2000;28(13):967–80.
[12] Bettle R, Pout CH, Hitchin ER. Interactions between electricity-saving measures
and carbon emissions from power generation in England and Wales. Energy
Policy 2006;34(18):3434–46.
[13] Marnay C, Fisher D, Murtishaw S, Phadke A, Price L, Sathaye J. Estimating
carbon dioxide emissions factors for the California electric power Sector.
Berkeley (CA): Lawrence Berkeley National Labs; 2002.
[14] National grid, historic generation by fuel type. ELEXON Portal; 2013.
[15] Siler-Evans K, Azevedo IL, Morgan MG. Marginal emissions factors for the US
electricity system. Environ Sci Technol 2012;46(9):4742–8.
[16] Zivin JSG, Kotchen M, Mansur ET, Spatial and temporal heterogeneity of
marginal emissions: implications for electric cars and other electricity-shifting
policies. National Bureau of Economic Research Working Paper Series. No.
18462; 2012.
[17] Ruiz PA, Rudkevich A. Analysis of marginal carbon intensities in constrained
power networks. In: System Sciences (HICSS), 2010 43rd Hawaii International
Conference on; 2010.
[18] Holland SP, Mansur ET. Is real-time pricing green?: The environmental
impacts of electricity demand variance. Cambridge (MA, USA): National
bureau of economic research; 2008.
[19] Rogers MM, Wang Y, Wang C, McElmurry SP, Miller CJ. Evaluation of a rapid
LMP-based approach for calculating marginal unit emissions. Appl Energy
2013;111:812–20.[20] Foley A, Tyther B, Calnan P, Ó Gallachóir B. Impacts of electric vehicle charging
under electricity market operations. Appl Energy 2013;101:93–102.
[21] UNFCCC (CDM – Executive Board), Methodological Tool (Version 03.0.0): Tool
to calculate the emission factor for an electricity system. Bonn (Germany):
United Nations Framework Convention on Climate Change; 2012.
[22] HM Treasury and DECC, Valuation of energy use and greenhouse gas (GHG)
emissions – background documentation. London (UK): HM Treasury and the
Department for Energy and Climate Change; 2012.
[23] Loulou R, Remne U, Kanudia A, Lehtila A, Goldstein G. Documentation for the
TIMES Model. Energy Technology Systems Analysis Programme (ETSAP);2005.
<http://www.iea-etsap.org/>.
[24] Treasury HM. The green book: appraisal and evaluation in central
government. London: TSO; 2011.
[25] Department of Energy and Climate Change, Updated energy and emissions
projections 2012. London: TSO; 2012.
[26] Elexon, Balancing mechanism reporting system (BMRS): generation by fuel
type; 2013, Elexon: <http://www.elexonportal.co.uk/>.
[27] Kannan R, Strachan N, Pye S, Anandarajah G, Balta-Ozkan N, UK: MARKAL
Model Documentation; 2007. <www.ukerc.ac.uk>.
[28] Department of energy and climate change, digest of United Kingdom energy
statistics 2012. London: TSO; 2012.
[29] Great Britain system operator, 2012 electricity ten year statement (ETYS). UK:
National Grid; 2012.
[30] Hawkes AD, Brett DJL, Fuel cells for stationary applications. Energy technology
systems analysis programme (ETSAP); 2013. <http://iea-etsap.org/>.
[31] Department of energy and climate change, a brief guide to the carbon
valuation methodology for UK policy appraisal. London: TSO; 2011.
[32] Energy saving trust, in situ measurement of the performance of heat pumps in
dwellings: a technical speciﬁcation for ﬁeld monitoring. London (UK): EST;
2012.
